the major late promoter of adenovirus 2.
Control oftranscription constitutes an important step in the regulation of gene expression. Studies of prokaryotic systems indicate that the initiation of mRNA synthesis requires interactions between RNA polymerase and a specific region of DNA upstream from the gene to be transcribed, called the promoter (1) . Similar attempts to identify promoters for eukaryotic genes have been handicapped by the lack of suitable genetic and biochemical systems. Recently, however, developments in recombinant DNA technology and the advent of in vitro transcription systems offer an approach to the study of the molecular mechanisms oftranscriptional controls in eukaryotic systems (2) (3) (4) (5) .
The major late transcription unit ofadenovirus type 2 (Ad2) is one of the best characterized in eukaryotes. During the late stage ofAd2 infection, the major viral transcript is initiated at a site around coordinate 16.5 and elongated toward the right end of the genome (6, 7) . This primary transcript is believed to be processed into several families ofcytoplasmic messenger RNAs that all have the same capped 5' end as the primary transcript (7, 8) . Twenty-five to 31 nucleotides upstream from the RNA cap site, there is a stretch of A+T-rich sequence (T-A-T-A-A-A-A) that appears to be conserved in a number of eukaryotic genes transcribed by RNA polymerase II (9) . The similarity of this A+T-rich sequence and the "Pribnow box" of prokaryotic promoters has been noted (10) . We report here experiments designed to determine the role of this A+T-rich sequence in the initiation of transcription in vitro from the major late promoter ofAd2.
MATERIALS AND METHODS
Enzymes and Reagents. Phage T4 DNA ligase and restriction endonucleases Alu I and Ava I were purchased from New England BioLabs. Other restriction enzymes and nuclease BAL 31 were obtained from Bethesda Research Laboratories (Rockville, MD). T4 (Fig. 2, lanes 1-2) . A sample of in vitro synthesized RNA made from p44 template cut with HincII was purified, digested with RNase T1, and passed through a column of dihydroxylboryl cellulose as described (8) . The bound material was eluted and subjected to two-dimensional chromatographic analysis (Fig. 3) . The arrow in the figure points to the predicted capped T1 undecanucleotide that is found at the 5' ends of Ad2 major late mRNAs. The identity of this spot was confirmed by analysis of the digestion products obtained after treatment of the oligonucleotide with RNase A, RNase T2, or RNase U2 (results not shown). Furthermore, the amount of the capped undecanucleotide obtained from reaction mixtures that contained p44 DNA as template was approximately the same as the amount obtained when pBal E DNA was used as template (results not shown). Thus, we conclude that no Ad2 specific sequences further downstream than 33 nucleotides from the presumptive transcription start site are required for either efficient initiation or capping.
We mapped the 5' boundary of the region required for accurate transcription initiation simply by testing whether pBal E DNA that had been digested with the restriction enzyme Hpa II could still serve as a template for transcription in vitro. This enzyme cuts the Ad2 sequences at positions -52 and +507. Fig. 4, lanes 1-3, (Fig. 5A, lane 5 ) initiated transcription as efficiently as the parental DNA, pAd6 (Fig. 5A, lane 1) . Transcription was reduced by as much as one-halffor mutant DNAs lacking sequences upstream of nucleotide -47 (Fig. 5B, lanes  2-4) . However, mutant DNAs with deletions ending at positions -16, -17, or -22, which removed the T-A-T-A-A-A-A sequence, reduced transcription to 1/10th (Fig. SB, lane 5 ; To locate the downstream boundary of the region required for initiating transcription, we tested the ability ofmutant DNAs with downstream deletions to serve as templates for transcription in vitro. As shown in Fig. SC Proc. Nad Acad. Sc't'. USA 78 (1981) Proc. NatL Acad. Sci. USA 78 (1981) tiating transcription but do so at a 2-fold higher level than does parental clone p44 (Fig. 5C, lanes 3 and 5, compared to lane 1). Mutant DNAs with a deletion removing the cap site and up to 12 nucleotides upstream of that site are still able to initiate transcription, but at a rate half that of the parental DNA (Fig.  5C, lanes 4 and 6, compared to lane 1) . Deletions removing sequences downstream ofnucleotide -29 reduced transcription to 1/15th (Fig. 5C, lane 7) . These results indicate that the downstream boundary of the region required for initiation of transcription is located between position -29 and -12. The normal mRNA cap site is not required for the initiation of transcription in vitro. However, this site does appear to be required to obtain wild-type levels ofinitiation. All the downstream deletions tested above had different deletion endpoints in the pBR322 sequences as well as in the Ad2 sequence. To test the possibility that the different levels of transcription were partly due to the particular sequences of pBR322 present at the deletion junctions, we recloned all the downstream deletion DNAs in pBR322 as described in Materials and Methods. All the mutant DNAs now had identical endpoints in the pBR322 sequence (i.e., the HindIII site). Whenwe tested the abilityofthese DNAs to serve as templates for transcription in vitro, we obtained results (not shown) identical to those obtained with the original clones, eliminating the possibility that the pBR322 sequence at the deletion junction would affect the rate of transcription. Accurate initiation of transcription in vitro is dependent on a precise optimum of template concentration (3). We have repeated each transcription reaction at least twice with carefully quantitated template and obtained reproducible levels of transcription for each DNA tested. We also showed that none ofthe DNA preparations contained nonspecific stimulator or inhibitor of transcription by carrying out mixing experiments with other promoter-containing DNAs. The role ofthe A+T-rich sequence has also been investigated in vivo in two different systems, the simian virus 40 early region (25, 26) and the sea urchin histone genes (27) . Local deletions of the A+T-rich sequences do not abolish the expression of these genes, although more extensive deletions that remove sequences further upstream eliminate the expression entirely.
Results reported here indicate that no sequence upstream ofposition -47 is required for the in vitro transcription from the major late promoter ofAd2 (Fig. 6) . Whether any such sequence is required for the expression in vivo from this promoter is not yet determined.
It has been proposed that the cap site and the promoter for the major late transcription unit of Ad2 are coincident (7) . Our present data show that the normal cap site is not required for the initiation of transcription in vitro and therefore indicate that the cap site is functionally separate from the promoter. This notion is supported by similar findings in other systems in which deletion of cap site does not abolish the synthesis of RNA (15, 26, 27 (Fig. 3) . Our result provides direct evidence that the transcriptional start site must be located within 52 nucleotides upstream from the cap site. This corroborates the idea that the mRNA cap site and the transcriptional start site are coincident.
